Advances in anterior segment imaging have enhanced our ability to detect keratoconus in its early stages and characterize the pathologic changes that occur. Computerized corneal tomography has elucidated the alterations in shape of the anterior and posterior corneal surfaces and alterations in thickness as the disease progresses. Automated screening indices such as the keratoconus screening index were developed to assist in detecting keratoconus in suspicious cases. In vivo assessment of keratoconic corneas has revealed that compromised corneal biomechanics can now be measured clinically. Optical coherence tomography has demonstrated alterations in corneal epithelial thickness and distribution in keratoconus, has a role in assessing Descemet's membrane detachment in acute corneal hydrops (ACH) and the depth of the demarcation line following corneal collagen crosslinking. In vivo confocal microscopy has exhibited cellular changes that occur in keratoconus and provided insight into cellular events that may be related to the development of neovascularization in ACH.
INTRODUCTION
Since the first description of keratoconus over 150 years ago, anterior segment imaging technology has advanced in leaps and bounds. These advanced anterior segment imaging modalities have greatly enhanced our understanding and characterization of the anatomical and physiological changes that occur in the keratoconus disease process. 1 This review discusses how the recently developed anterior segment clinical imaging technologies, including corneal tomography, corneal biomechanics, corneal optical coherence tomography (OCT) and in vivo confocal microscopy of the cornea, have enhanced our understanding of keratoconus and their current roles in clinical practice.
CORNEAL TOMOGRAPHY
Corneal tomography provides us with a detailed analysis of the shape of anterior and posterior corneal surfaces, as well as the thickness/tissue distribution of the cornea; hence, this technology has provided a huge step forward in terms of the diagnosis, screening and management of keratoconus. Corneal tomography now allows us to identify eyes with keratoconus in the early stages, which is crucial when screening refractive surgery candidates and identifying patients who may require corneal collagen cross-linking. Furthermore, corneal tomography is important in monitoring the progression of keratoconus to identify those who would benefit from undergoing corneal collagen cross-linking, and monitoring the efficacy of the procedure postoperatively.
The tomographic changes that occur in the cornea in the early stages of the keratoconus disease process are difficult to detect and characterize. A variety of automated screening indices have therefore been developed with the aim of providing an objective aid for the detection of the earliest changes that occur in keratoconus. These composite indices tend to be specific to a particular type of topographer or tomographer; thus, the parameters utilized to produce these indices vary as well.
The principles of Placido ring-based videokeratoscopes were the first described by Antonio Placido in 1880. 2 These computerized Placido ring videokeratoscope devices, such as the Topographic Modelling System (TMS-1; Computed Anatomy Inc., New York, NY, USA) utilize concentric rings of light in combination with a digital camera to capture images of the reflection of said rings by the anterior surface of the cornea, which are processed by algorithms similar to those described by Antonio Placido, to elucidate the topography of the anterior corneal surface. The TMS-1 has been utilized extensively in the assessment of changes that occur in the anterior corneal surface in keratoconus and to produce the Keratoconus Prediction Index (KPI), 3 one of the aforementioned objective supplements in the early detection of keratoconus. The KPI is produced by a combination of eight topographic parameters; three previously described -Flat Simulated K1 (SimK1), Steep Simulated K2 (SimK2) and Surface Asymmetry Index (SAI) 4 -and five new parameters unique to the KPI -the Differential Sector Index (DSI), the Opposite Sector Index (OSI), the Centre/ Surround Index (CSI), the Irregular Astigmatism Index (IAI) and the Analysed Area (AA). 3 With the exception of AA, these numerical indices were derived from the spatial distribution of the dioptric power of the anterior corneal surface, as keratoconus is characterized by an area of significant localized steepening on the power maps produced by videokeratoscopes. DSI and OSI were produced by dividing the corneal surface into eight pieshaped sectors, each subtending 45 , the base pattern of which was rotated up to 45 in 32 increments relative to the central axis of the topography map such that the corneal sector with the greatest power located in the '6 o'clock' position (Fig. 1a,b) . DSI reports the greatest difference in power between any two sectors, while OSI indicates the greatest difference of the average power in opposite sectors (Fig. 1b) . 3 CSI is calculated using two concentric annuli, a central annulus 3 mm in diameter and a surrounding annulus 3-6 mm in diameter, and denotes the difference in average area-corrected power between the central and surrounding annulus (Fig. 1c) . 3 These three parameters are intended to differentiate between normal corneas, regular astigmatism, peripheral steepening keratoconus and central steepening keratoconus. 3 The IAI describes the short-range semi-meridional fluctuation of power distribution. IAI is the average summation of interring area-corrected power variations along every semi-meridian for the entire analysed surface and is normalized by the average corneal power and number of data points. 3 Finally, AA is the ratio of the interpolated data area to the area circumscribed by the last mire visible in a videokeratoscope image. 3 Analysis of 200 topography maps was conducted using a two-group discriminant analysis, which is a multivariate analysis that produces a linear discriminant function of multiple independent variables that can be used to discriminate between two classifications. Use of the eight aforementioned parameters to produce a linear discrimination function for each map produces a KPI value for each map and a single composite discriminant value of 0.23 was determined to have the best sensitivity, specificity and accuracy. 3 Thus, a KPI value greater than 0.23 for a given TMS-1 videokeratography scan suggests that the eye has keratoconus. The KPI algorithm was developed based on our pre-existing understanding of keratoconus and the characteristic changes that occur in anterior corneal topography. The keratoconus severity index (KSI), also derived using the TMS-1 (but also available on the OPD-Scan [Nidek Inc., Tokyo, Japan]), described by Smolek and Klyce, 5 utilizes a total of 10 parameters, including all of those utilized in calculating the KPI with the exception of K1 but additionally utilizes corneal cylinder (CYL), Surface Regularity Index 6 and standard deviation of corneal power. 5 These 10 parameters from 300 TMS-1 examinations were analysed using two independent machine learning artificial neural networks. The first neural network was trained to differentiate clinical keratoconus or keratoconus suspects from all other corneal topography patterns. The second neural network was trained to grade the severity of a corneal topography pattern specific to the keratoconus and keratoconus suspect examinations used in the training set. The numeric output of the second neural network was assigned as the KSI and revealed that keratoconus suspects produced values of 0.15-0.29, while clinical keratoconus produced values of 0.31-1.0. 5 Changes in corneal thickness 7 and posterior corneal surface elevation 8 are known to be detectable in early keratoconus. However, videokeratography is limited to assessment of the anterior corneal surface. Thus, objective algorithms produced using these devices may not necessarily detect keratoconus in the earliest stages.
As imaging technology has advanced, methods of assessing corneal thickness/tissue distribution and the contour of the posterior corneal surface have also been developed. The Orbscan IIz (Bausch and Lomb, Rochester, NY, USA) utilizes a combination of Placido rings and a scanning slit to assess the shape/power of the anterior and posterior corneal surfaces as well as corneal thickness. The Placido rings consist of 40 monochromatic concentric rings and analysis of the image of the rings, reflected specularly by the cornea, is analogous to videokeratoscopes and provides information regarding anterior corneal topography. The slit-scanning system utilizes 40 white light slits at angles of 45 , distributed across the cornea, each measuring 12.5 × 0.3 mm, and describes the corneal thickness distribution and the topography of the posterior corneal surface. The Orbscan IIz utilizes cross-sectional images, thus is technically a corneal tomographer. The Screening Corneal Objective Risk of Ectasia (SCORE) is an artificial intelligence system that uses a linear combination of 12 tomographic indices obtained with the ORBSCAN IIz, including maximum posterior elevation, thinnest corneal thickness, vertical decentration of thinnest point, difference between mean central corneal thickness and thinnest pachymetry, to derive a compound score where a positive score (>0) is indicative of a suspect or keratoconic cornea and a negative score (<0) a normal cornea. 9, 10 Pentacam HR (Oculus, Wetzlar, Germany) is another type of corneal tomographer; however, a different imaging technique is utilized than the Orbscan IIz. The Pentacam HR utilizes a single rotating Scheimpflug camera along with a 14-mm monochromatic slit illumination system, composed of blue light emitting diodes (475 nm). The slit beam produces an illuminated section which is imaged 12-50 times by the rotating Scheimpflug camera, corresponding to specific angles along the optical axis. The data obtained from these images is used to assess the anterior and posterior surfaces of the cornea as well as the corneal thickness/tissue distribution. The Pentacam HR software contains the BelinAmbrósio Enhanced Ectasia Display (BAD; Fig. 2b ), which includes visual outputs that demonstrate nine input parameters: anterior elevation at the thinnest point, posterior elevation at the thinnest point, change in anterior elevation, change in posterior elevation, corneal thickness at thinnest point, location of thinnest point, pachymetric progression, Ambró-sio relational thickness and Kmax. 11 Posterior and anterior elevation data is calculated using enhanced best fit spheres (BFS), which are produced by excluding an area 3.5 mm in diameter centred on the thinnest point. By omitting the area 3.5 mm in diameter centred around the thinnest point in the BFS calculations, the resultant enhanced BFS is flatter compared to a standard BFS, which is suggested to improve the detection of a protruding area. 12 One of the thickness outputs in the BAD utilize the thickness data to produce distribution graphs denoting the corneal thickness spatial profile and percentage thickness increase. Each graph describes the annular pachymetric increase from the thinnest point outward to the periphery and compares these distributions to a normal thickness distribution, aimed at improving the detection of keratoconus. 12 The BAD provides a summary of the analyses of anterior and posterior elevation and corneal thickness in the form of normality indices denoted as Df (deviation from normality of anterior elevation), Db (deviation from normality of posterior elevation), Dp (deviation from normality of pachymetric progression), Dt (deviation from normality of corneal thinnest point) and Da (deviation from normality of relational thickness) (Fig. 2b) . For these indices, the mean of the normal population is a zero value, and positive values represent the standard deviation (SD) towards disease and the software highlights values between 1.6-2.6 in yellow (suspect keratoconus) and values >2.6 in red (clinical keratoconus) (Fig. 2b) . 12 A summary 'D' index (BAD-D) is calculated based on a regression analysis of all nine parameters where a BAD-D higher than 2.1 is considered to be suspicious of ectasia.
Corneal tomography technologies have also contributed to the grading and monitoring of keratoconus progression. Existing grading schemes, such as the Amsler-Krumeich 13 and even the aforementioned KSI, 5 do not take into account the corneal thickness at the thinnest point or the posterior elevation, which are known to be altered in keratoconic corneas. Recently described severity classifications, such as the ABCD classification system produced by the Pentacam HR, takes into account several of these parameters. In the case of the ABCD classification, these are anterior (A) and posterior (B) curvature within a 3-mm zone centred around the thinnest point of the cornea, thinnest pachymetry (C) and best-corrected visual acuity (D). 14 The rapidly evolving technology of corneal tomography has an ever increasing role in the diagnosis and monitoring of progression in keratoconus, which has become increasingly pertinent with the widespread use of corneal collagen cross-linking. The main limitations of current corneal tomography technologies include difficulty in distinguishing pseudoectasia, for example following hyperopic excimer laser refractive surgery, and the poor accuracy of these devices when corneal haze/scarring is present, which is often the case in keratoconus. Technological advances, such as OCT-based corneal topography, epithelial thickness assessment (discussed later) and OCT pachymetry measurement, have the potential to overcome these limitations as OCT imaging has the potential to identify features of laser refractive surgery and produce highly repeatable pachymetry measurements in the presence of corneal opacity, which appear to be less affected by the presence of said opacity compared to the Orbscan. 15 
CORNEAL BIOMECHANICS
An underlying reduction in corneal biomechanical strength has been postulated to precede corneal tomographical changes in keratoconus. 16, 17 Several factors such as loss of stromal fibrils, altered orientation of individual collagen fibres, reduced number of cross-links and keratocyte dysfunction can be accredited to cause the decreased mechanical stability. [17] [18] [19] Therefore, in vivo investigations of corneal biomechanical properties may further enable the diagnosis of keratoconus at an early stage.
The first commercially available device that claimed to measure corneal biomechanical properties in vivo was the Ocular Response Analyser (ORA; Reichert Ophthalmic Instruments, Buffalo, NY, USA). This device consists of an air-pulse emitter, an infrared emitter and a collimation detector. It uses a metred air-pulse to indent the cornea temporarily and concurrently measures the infrared reflectance profile over the ocular response. This produces two distinct infrared reflectance peaks: once while the cornea is moving inwards (P1) and the other while the cornea is moving outwards (P2). These two peaks correspond to points at which the cornea has the greatest planar surface area within the 3-mm sampling zone. The values for P1 and P2 correspond to the pressure of the emitted air-pulse at the respective applanation events. 20 The two primary biomechanical outputs from the ORA are 'corneal hysteresis' and 'corneal resistance factor'. Corneal hysteresis is the difference between the air-pulse pressures at P1 and P2, and corneal resistance factor is calculated as (P1 -kP2), with a proprietary factor k (0.7) derived by the manufacturer. 20 The constant 0.7 was empirically set by the manufacturer to maximize the dependence of this parameter on central corneal thickness. Although both parameters have been reported to be significantly lower in keratoconic corneas (8 20, 21 there is considerable overlap between populations for both parameters. This presents as a major challenge when using the ORA as a diagnostic aid. 23, 25 Interestingly, although several ex vivo studies have demonstrated a significant increase in Young's modulus after corneal collagen crosslinking, 26, 27 most studies have shown no significant change in CH or CRF 6 months postoperatively. 28 More recently, the CorVis ST (CST; Oculus, Wetzlar, Germany) was released as the second commercially available device that claims to measure the corneal biomechanical properties in vivo. Similar to the ORA, the CST is a non-contact tonometer that emits an air-pulse. However, it utilizes an ultra-high speed Scheimpflug camera (4330 frames/s) to record the ocular response to the air-pulse. The device records an 8-mm wide horizontal section of the cornea. Individual frames from the video are analysed to provide an array of physical parameters that enable the inference of the underlying corneal biomechanical properties (Fig. 3a,b) . 29 Studies using the CST have demonstrated several parameters are significantly different in keratoconic corneas compared to healthy corneas. [29] [30] [31] Deformation amplitude (the resultant maximum inwards movement of the corneal apex) is significantly greater in keratoconic corneas ( 32 mm) even after controlling for intraocular pressure and corneal thickness (Fig. 3c,  d) . 31 However, similar to the ORA, the original device software does not have a parameter that can reliably differentiate between keratoconic and healthy corneas. 30, 31 Therefore, in vivo assessment of corneal biomechanics still has limited clinical value in assessing keratoconus as the parameters assessed by the CST and ORA are not sensitive enough to differentiate between normal and keratoconic corneas due to the significant overlap in the distribution of said parameters between these populations, and are not sensitive enough to detect disease progression.
Brillouin microscopy utilizes Brillouin scattering, which is the result of interaction between light from a confluent source (laser) and spontaneous acoustic phonons that occur within a material; the frequency shift that occurs as a result of this interaction is related to the mechanical properties of the material such as elasticity. While Brillouin microscopy has only been utilized to examine the cornea ex vivo, 33 in vivo variations of the technology are being developed and may prove to be a more sensitive tool in the assessment of the biomechanical properties of keratoconic corneas.
ANTERIOR SEGMENT OCT
In the early 2000s, anterior segment-OCT (AS-OCT) was commercially introduced as a tool to assess the corneal microstructure in vivo. This method produces high resolution, cross-sectional images of the cornea using optical light scatter (due to a broad bandwidth light source) in combination with low coherence interferometry. A postulated early pathological change in keratoconus includes reduced corneal basal epithelial density. 35 The degenerating basal epithelial cells cause instability of Bowman's layer and subsequent loss of anterior stromal collagen fibrils. 36 Moreover, the corneal epithelium is known to mask localized areas of elevation and depression in an attempt to restore a homogenous optical interface. 37 In keratoconus, this translates to significant epithelial thinning over the corneal apex with epithelial thickening in an annulus around the apex as demonstrated in histopathological, very-high-frequency ultrasound, and AS-OCT studies. [38] [39] [40] As AS-OCT has the added advantage of not requiring an immersion medium or contact with the ocular surface, the corneal epithelium can be imaged non-invasively. The RTVue (Optovue, Inc., Fremont, CA, USA), the ZEUS (CSO, Firenze, Italy) and the corneal module for the Cirrus HD 5000 (Carl Zeiss Meditec Inc., Dublin, CA, USA) allow mapping of corneal epithelial thickness, which has been investigated as a potential avenue for the early diagnosis of keratoconus. Li et al., demonstrated that pattern standard deviation maps of corneal epithelial tomography using the RTVue provided the best diagnostic power (area under the receiver operating analysis curve = 1.00). 41 However, when considering corneal epithelial tomography differences between forme fruste keratoconus and healthy corneas, none of the parameters investigated demonstrated a high area under the receiver operating analysis curve. 42 Thus, the efficacy of using corneal epithelial tomography maps as a standalone for the diagnosis of keratoconus is weak.
Other applications of AS-OCT for keratoconus include the detection of risk factors for developing acute corneal hydrops. Fuentes et al. 43 described several features visible on AS-OCT images associated with an increased risk of hydrops. Risk factors included increased epithelial thickness and stromal thinning at the corneal apex causing a higher epithelial to stromal thickness ratio, and hyper-reflective regions at Bowman's layer (Fig. 4a) . The authors also hypothesized that the presence of corneal scarring served as a protective factor against corneal hydrops as these areas may have increased corneal rigidity. 43 Once an event of acute corneal hydrops has occurred, the AS-OCT can be further useful in assessing the severity and classifying the extent of Descemet's membrane detachment. This can be useful in predicting the time to resolution of corneal oedema. Basu et al. 44 demonstrated the duration of corneal oedema had a significant positive correlation with the depth of Descemet's membrane detachment and size of the Descemet's membrane break. Furthermore, the stages to resolution and/or response to treatment following intracameral gas injection can be monitored using the AS-OCT.
In patients with progressive keratoconus treated with corneal collagen cross-linking, AS-OCT enables imaging of the apparent demarcation between treated and untreated corneal stroma. Though not definitively established, it is believed the demarcation line (Fig. 5) indicates the depth of cross-linking. This demarcation line is generally quantified as an absolute value of the depth at which it occurs in the cornea. When the traditional Dresden protocol is utilized, the depth of the demarcation line is approximately 300 μm. 45 Corneas treated with accelerated corneal collagen cross-linking, in which the intensity of ultraviolet-A is increased and treatment time decreased, exhibit a shallower demarcation. It appears that with increasing intensity of ultraviolet-A, the demarcation line is shallower and more variable. With the 18-and 30-mW/cm 2 intensities, the mean depth of demarcation has been reported to be 203 μm 46 and 184-201 μm, 46,47 respectively. A limiting factor in currently available AS-OCT devices is the lateral resolution produced, which is generally limited to 15-20 μm. 48 Hence AS-OCT is useful for visualizing the different layers of the cornea but is limited in the amount of detail that can be visualized within said layers. Recent advances in this technology have enabled resolutions as high as 1.2 μm; however, this device is not commercially available. 48 Another limitation is the subjective element of parameters such as the depth of the demarcation line post cross-linking and the size and depth of the Descemet's break in acute corneal hydrops which are determined manually by the operator using a calliper tool. Furthermore, obtaining a high scan density is time consuming and usually requires the operator to manually focus the device. Many of these limitations are likely to be overcome with improvements to automated capturing of AS-OCT and advances in image processing.
IN VIVO CONFOCAL MICROSCOPY
In vivo confocal microscopy (IVCM) provides a noninvasive method of imaging the living human cornea at the cellular level. Prior to the development of IVCM, our understanding of the underlying pathophysiological and cellular changes that occur in keratoconus was primarily obtained from ex vivo investigations of corneas obtained following keratoplasty. Our understanding of the keratoconus disease process was therefore limited to the severe end of the disease spectrum. The non-invasive nature of IVCM enables examination of keratoconic corneas throughout the disease severity spectrum and has significantly enhanced our understanding of the pathogenesis and natural history of keratoconus.
Ex vivo studies revealed a reduction in corneal basal epithelial density in keratoconus, 35 and IVCM studies extended this observation, demonstrating a lower basal epithelial density in keratoconus compared to healthy controls and this difference was more pronounced in contact lens (CL) wearers, independent of severity of keratoconus. [49] [50] [51] Breaks in Bowman's layer, which allow direct interactions between corneal epithelial cells and keratocytes, have also been observed using IVCM. 50 The direct interaction between corneal epithelial cells and keratocytes has been linked to keratocyte apoptosis. 52 Quantitative studies of the central corneal subbasal nerve plexus have revealed significantly lower nerve density and corneal sensitivity in keratoconus 49 ,53 compared to healthy controls. 49 The use of an IVCM montage technique to produce confluent maps of the corneal sub-basal nerve plexus has shed light on the architecture of the sub-basal nerve plexus in healthy and keratoconic corneas. In the normal human cornea, the sub-basal corneal nerves form a radiating pattern, which converge to a region 1-2 mm below the central cornea and a closer look in this area reveals a clockwise whorl-like pattern (Fig. 6a) . 54 In eyes with keratoconus without CL wear, there is loss of the normal radiating and central whorl-like pattern. Instead, at the apex of the cone, the sub-basal nerves form a tortuous network with many bundles forming closed loops, while at the topographic base of the cone, nerves appeared to run concentrically around the base of the cone (Fig. 6b) . 55 Although a variety of image acquisition and montage techniques have been developed, they are still time consuming and require specialized expertise, making comprehensive assessment of the sub-basal nerve plexus impractical in the clinic setting.
IVCM studies have consistently demonstrated lower keratocyte density in keratoconus compared to healthy corneas. 19, 50, [56] [57] [58] This observation may be associated with the proposed contribution of keratocyte apoptosis to the pathogenesis of keratoconus. 52 IVCM has revealed that both anterior and posterior keratocyte density is reduced in keratoconus compared to controls. 50, 56 Interestingly, CLwearing keratoconics have been demonstrated to have a significantly lower anterior keratocyte density than keratoconics who did not wear CLs. 19, 57, 58 However, posterior keratocyte density does not appear to be affected by the use of CLs in patients with keratoconus. 57, 58 Imaging acute corneal hydrops using IVCM has provided some insight into cellular events that may be related to the development of corneal neovascularization in this end-stage complication of keratoconus. A prospective investigation of 10 patients with acute corneal hydrops revealed a sequence of cellular events in two of these patients who subsequently developed neovascularization. 59 These cellular events were described as hyper-reflective round cells in the epithelium and anterior-mid stroma at presentation in both cases, elongated branching cells with small cell bodies in the anterior stroma at 6 and 12 weeks, respectively, and at 3 months postpresentation, both cases exhibited unusual stromal cells with large speckled cell bodies and elongated branching cell processes. 59 The exact identity of the three observed cell types in these cases is difficult to determine; however, the authors of the study logically postulate that they may be inflammatory cells such as leucocytes or cells related to the formation of new blood vessels such as vascular endothelial cells or pericytes. 59 Thus, the presence or absence of these cell types on IVCM may be useful for predicting which patients with acute corneal hydrops are at risk of developing corneal neovascularization, and may assist in producing a targeted management plan in these cases.
With the exception of the case of acute corneal hydrops, prospective longitudinal studies utilizing IVCM to assess the natural history of cellular changes in keratoconic corneas have not been undertaken. Thus, while this technology has greatly advanced our understanding of the keratoconus disease process at the cellular level, it is still unclear if these changes occur prior to or concurrent with changes in corneal shape, thickness and biomechanics. Therefore, IVCM still has a limited clinical role in keratoconus.
CONCLUSIONS
The multiple anterior segment imaging modalities that have been developed over the last 150 years have immensely furthered our understanding of the underlying pathophysiology of the keratoconus disease process and clinical characteristics. These imaging technologies also play a crucial role in the diagnosis, screening and management of keratoconus. Corneal tomography is currently the most extensively developed and investigated imaging modality, thus making it the most widely used clinical tool for keratoconus. However, the continued development of AS-OCT, IVCM and devices that measure corneal biomechanical properties in vivo suggest that there may be benefits from utilizing a combination of several different anterior segment imaging modalities in the diagnosis and clinical assessment of keratoconus. This is particularly pertinent in the diagnosis of sub-/pre-clinical keratoconus, which remains a challenge. 
